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mechanical properties of the resultant tissue are particularly important in 
applications such as tissue engineered vascular grafts and orthopedic tissue 
engineering wherein failure can occur due to poor mechanical integrity. 

Researchers have also attached growth factors such as TGF to a tissue < 
5 engineering matrix via a polymeric tether such as a polyethylene glycol. See 
PCT/US96/02851 "Cell Growth Substrates with Tethered Cell Growth Effector 
Molecules" Massachusetts Institute of Technology. There are a number of 
references that TGF-beta can be bound to or dispersed within a synthetic or 
natural polymeric carrier for controlled release of active growth factor. See, for 
10 example/'Collagen and heparin matrices for grov^h factor delivery", Schroeder- 
Tefft, et al. Journal of Controlled Release 49(2-3), 291-298 (1997); ''In vitro 
characterization of transforming growth factor-beta- 1 -loaded composites of 
^ biodegradable polymer and mesenchymal cells. Nicoll, et al. Cells and Materials 

5(3), 231-244 (1995). EP 0042 8 541 "Collagen Wound healing Matrices and 
lij 1 5 Process for their Production" to Collagen Corporation; U.S. Patent No. 

6,013,853 "Continuous release polymeric implant carrier" to Athanasiou, et al. 
Additional reference relate to the use of TGF-beta in tissue engineering 
scaffolds to enhance cell or tissue growth or proliferation, particularly of bone. 
See EP 616814 "Ceramic and Polymer-Based Compositions for Controlled 
20 Release of Biologically Active TGF-Beta to Bone Tissue, and Implants Using 
The Compositions" by Bristol-Myers Squibb Company. 

However, none of these disclosures disclose how one can achieve 
enhanced production of extracellular matrix, while not increasing cellular 
proliferation. 

25 It is therefore an object of the present invention to provide tissue 

engineering scaffolds which promote formation of ECM, to enhance the 
formation of tissue with good mechanical properties, on and within the tissue 
engineering scaffold, i.e., with little or no increase in cellular proliferation. 

Summaty of the Invention 
30 It has been found that matrix-enhancing molecules, such as transforming 

growth factor-beta (TGF-P), can be conjugated to or immobilized on scaffolds to 
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RODS (SEQ ID NO:l)-modified glass surfaces with no TGF-p, soluble TGF-p 
or acryloyl-PEG- TGF-p at 4 x 10*^ nmol/ml in the hydrogel. The control is 
with no TGF-p in the hydrogel. 

Figure 3 is a graph of hydroxyproline production per ng of DNA by 
SMCs growing in RGDS (SEQ ID N0:1) -containing hydrogels with no TGF-p, 
soluble TGF-P or acryloyl-PEG- TGF-p at 4 x 10"^ nmol/ml in the hydrogel. 
The control is with no TGF-p in the hydrogel. 

Figure 4 is a graph of matrix production by SMCs growing on RGDS 
(SEQ ID N0:1) -modified glass surfaces, as percent of control, as a function of 
TGF-p concentration (0, 1 and 5 ng/ml). 

Figure 5 is a graph of matrix production, as percent of control, by 
auricular chondrocytes growing on tissue culture polystyrene in the presence of 
varying amounts of TGF-p (0, 0.1, 1, 5, 10, 25 and 100 ng/ml) in the media, he 
control is with no TGF-P in the media. 

Figure 6 is a graph of cell number, as percent of control, by auricular 
chondrocytes growing on tissue culture polystyrene in the presence of varying 
amounts of TGF-p (0, 0.1, 1, 5, 10, 25 and 100 ng/ml) in the media. The control 
is with no TGF-p in the media. 

Figure 7 is a graph of matrix production, as percent of control, by 
auricular chondrocytes and aortic smooth muscle cells growing on tissue culture 
polystyrene in the presence of 0 and 50 |^g/ml ascorbic acid in the media. The 
control is with no ascorbic acid in the media. 

Figure 8 is a graph of cell number, as percent of control, by auricular 
chondrocytes and aortic smooth muscle cells growing on tissue culture 
polystyrene in the presence of 0 and 50 |ig/ml ascorbic acid in the media. The 
control is with no ascorbic acid in the media. 

Detailed Description of the Invention 

Tissue engineering is performed using a scaffold material that allows for 
attachment of cells. The scaffold material contains a matrix enhancing 
molecule. As described herein, the matrix-enhancing molecule should promote 
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Tethers 

For the matrix-enhancing molecules to induce formation of ECM, it is 
necessary for the molecule to be tethered to the scaffold by a tether. These 
tethers have a molecular weight of preferably between about 200 and 10,000, 
most preferably between about 2000 and 6,000. The tether is preferably a linear 
polymer, such as polyethylene glycol. The matrix-enhancing molecule may be 
coupled to the tether, or for that matter, to the scaffold material, by any method 
known to those of skill in the art, preferably covalently coupled using a reagent 
such as n-hydroxysuccinimide, carbodiimide, diisocyanate, 
carbonyldiamidazole, or tosyl chloride. 

Density of Matrix-enhancing Materials 

The density of the matrix-enhancing materials is important in eliciting 
ECM production with little or no cellular proliferation. The amount of ECM 
production that is most desirable is that which results in formation of tissue with 
good mechanical properties, on and within the tissue engineering scaffold. The 
optimal density will depend on the type of cells to be attached to the scaffold. In 
the case of TGF-p, optimal concentrations to induce ECM production is in the 
range of between one and five ng TGF-p/ml for aortic smooth muscle cells and 
between 5 and 100 ng TGF-p/ml for auricular chondrocytes, which is equivalent 
to between 4x10'^ and 4x10'^ nmol/ml. 

Source of Cells 

Cells can be obtained directly from a donor, from a culture of cells from 
a donor, or from established cell culture lines. In the preferred embodiment, 
cells of the same species and, preferably having the same or a similar 
immunological profile, are obtained by biopsy, either from the patient or a close 
relative, which can then be grown in culture using standard conditions. If cells 
that are likely to elicit an immune reaction are used, such as human muscle cells 
from an immunologically distinct individual, then the recipient can be 
immunosuppressed as needed, for example, using a schedule of steroids and 
other immunosuppressant drugs, such as cyclosporine. 
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In the preferred embodiments, cells are obtained directly from a donor, 
washed and implanted directly in combination with the polymeric material. The 
cells are cultured using techniques known to those skilled in the art of tissue 
culture. Cells obtained by biopsy are harvested and cultured, passaging as 
5 necessary to remove contaminating cells. 

Preferred cells for formation of vascular tissue include smooth muscle 
cells, endothelial cells, and fibroblasts. Preferred cells for formation of 
connective tissue include chondrocytes, fibroblasts, and other types of cells that 
differentiate into bone or cartilage. 
10 Methods of Using the Scaffolds 

The scaffolds are used to produce new tissue, such as vascular tissue, 
cartilage, tendons, and ligaments. The scaffold is typically seeded with the 
cells; the cells are cultured; and then the scaffold implanted. Alternatively, as 
noted above, the scaffold is sprayed into or onto a site such as a joint lining, 
15 seeded with cells, and then the site is closed surgically. Liquid polymer-cell 
suspensions can also be injected into a site, such as within a joint, where the 
material may be polymerized. 

Applications include the repair and/or replacement of organs or tissues, 
such as blood vessels, cartilage, joint linings, tendons, or ligaments, or the 
20 creation of tissue for use as "bulking agents", which are typically used to block 
openings or lumens, or to shift adjacent tissue, as in treatment of reflux. 

The present invention will be further understood by reference to the 
following non-limiting examples. 

Example 1: Comparison of effect of soluble and bound TGF-p in 
25 combination with PEG-diacrylate hydrogel. 

It was determined whether TGF-p can counteract the decrease in ECM 
synthesis caused by immobilized cell adhesion ligands. SMCs were grown on 
both peptide-modified glass substrates and in hydrogels containing tethered cell 
adhesion ligands. Further, TGF-P was covalently tethered to a polymer scaffold 
30 and shown that it retains its ability to increase ECM production. 
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Hydroxyproline concentration was determined by oxidation with 
chloramine T (ICN Biomedicals, Aurora, OH) and development with p- 
dimethylaminobenzaldehyde (ICN Biomedicals) (Woessner, et al. Arch. 
Biochem. Biophys. 93:440-447 (1961)). Hydroxyproline is a marker for 
5 collagen production, and thus was used as an indication of matrix synthesis. 
Mechanical testing of hvdrogels 
Hydrogels were prepared as described above, except that 2 ml of the 
liquid polymer-cell solution was placed in a 3 mm thick rectangular mold (42 
mm x 14 mm). For this experiment, HASMCs were used at a final cell density 
10 of 3.5 x 10^ cells/ml. Hydrogels contained either no TGF-(3 or 0.04 pmol/ml 
acryloyl-PEG-TGF-p. 

Following photopolymerization, the hydrogels were placed in 
QuadriPerm Cell Culture Vessels with 10 ml media containing 10% FBS and 
incubated at 37 °C with 5% CO2. Media was changed every 3 days. After 7 
15 days of culture, the hydrogels were cut into 3 sections (14 mm x 14 mm), and 
mechanical testing was performed using a Vitrodyne V-1000 Universal Tester 
(Chatillon, Greensboro, NC) at a strain rate of 100 |im/s using a 150 g loading 
cell. 

Statistical analysis 

20 Data sets were compared using two-tailed, unpaired Mests. P-Values 

less than 0.05 were considered to be significant. 
Results 

The goal of the current study was to determine whether TGF-P can 
enhance the rate of ECM synthesis by cells grown on or in biomaterials, 

25 particularly materials that have been modified with cell adhesion ligands. 

Figure 1 shows the matrix protein production on a per cell basis for cells grown 
with either no TGF-P or 0.04 pmol/ml (1 ng/ml) soluble TGF-P in the media. 
With no TGF-p in the media, more matrix was produced by cells growing on the 
non-adhesive control, RGBS (SEQ ID N0:4), than on the adhesive peptides. 

30 When TGF-p was added to the media, matrix production increased on the 

adhesive surfaces over that produced when no TGF-P was added (224% increase 
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on RODS (SEQ ID NO: 1) surfaces, 20% increase on VAPG (SEQ ID NO: 2) 
surfaces, 104% increase on KQAGDV (SEQ ID N0:3) surfaces). Matrix 
production on the RODS (SEQ ID N0:1) and KQAGDV (SEQ ID N0:3) 
modified surfaces in the presence of TGF-P increased over that seen with the 
non-adhesive control. 

Cells seeded onto RGDS (SEQ ID NO:l)-modified glass surfaces were 
also grown in the presence of 0.04 pmol/ml acryloyl-PEG-TGF-p to determine if 
TGF-P could be covalently bound to a polymer (covalently attached to a soluble 
polymer chain but not tethered to a three dimensional structure) and retain its 
ability to increase ECM production. Figure 2 shows the matrix production by 
cells grown with no TGF-P, soluble TGF-p, or acryloyl-PEG-TGF-p in the 
media. SMCs produced greater amounts of matrix in the presence of either 
soluble or polymer-conjugated TGF-p over that produced in the absence of 
TGF-p. However, less matrix was produced when polymer-conjugated TGF-P 
was used than when unmodified TGF-p was used. 

SMCs were then homogeneously seeded into polyethylene glycol (PEG) 
hydrogels containing covalently tethered RGDS (SEQ ID N0:1). The hydrogels 
contained either no TGF-p, uimiodified (soluble) TGF-p, or PEG-tethered TGF- 
p. In these photopolymerized hydrogels, the tethered peptides of TGF-p are 
covalently bound to the hydrogel structure via a highly flexible PEG chain. This 
gives the tethered moieties conformational freedom to interact with their 
receptors while causing them to be retained in the hydrogel material. After 7 
days of culture, the hydrogels were digested and assayed for DNA and 
hydroxy proline. Since hydroxyproline is a marker for collagen, it is an 
indication of how much extracellular matrix has been produced. 

The results for cells grown in the presence of 0.04 pmol/ml of TGF-P are 
presented in Figure 3. More hydroxyproline, and thus more collagen, was 
produced by SMCs grown in the presence of either soluble or tethered TGF-P 
than when no TGF-P was present. Additionally, significantly more 
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hydroxyproline was produced when TGF-p was tethered onto the hydrogels than 
when soluble TGF-P was used. 

Additionally, the mechanical properties of hydrogels made with and 
without TGF-P were examined. Young's modulus, a measure of the stiffness of 
5 the scaffold, was significantly higher when TGF-P was tethered to the scaffolds 
than when no TGF-p was used (66.6 ± 3.7 kPa with tethered TGF-p versus 58.5 
± 1 .8 kPa with no TGF-p, p = 0.03). 

Example 2: Dose Response of Aortic Smooth Muscle Cells to TGF-p, 

Aortic smooth muscle cells were grown on aminophase glass that had 0.5 
10 nmol/cm^ RGDS (SEQ ID N0:1) covalently coupled to the glass. TGF-p was 
added to the media at 0, 1, or 5 ng/ml (0, 4 x 10"^ 2x10"'^ nmol/ml). ECM 
protein production by the cells over a 2-day time period was determined by 
g examining the amount of -^H-glycine incorporated into the ECM elaborated by 

O the cells. 

^ 15 As seen in Figure 4, ECM protein production per cell (% of control) was 

^ increased when TGF-p was added to the media at both 1 and 5 ng/ml. Further, 

B cell numbers did not increase over the 2 days, despite changes in matrix 

3 production per cell, indicating that the presence of TGF-p did not increase 

proliferation of the SMCs, as seen in the hydrogels. 
«^ 20 Example 3: Dose Response of Auricular Chondrocytes to TGF-p. 

^ Auricular chondrocytes were grown on tissue culture polystyrene with 

varying amounts of TGF-p added to the media: 0, 1, 5, 10, 25, or 100 ng/ml. 
ECM protein production by the cells over a 2-day time period was determined 
by examining the amount of *^H-glycine incorporated into the ECM elaborated 
25 by the cells. 

As seen in Figure 5, ECM protein production per cell was increased 
when TGF-p was added to the media at concentrations above 1 ng/ml, with an 
optimal concentration of 25 ng/ml (1 x 10*"^ nmol/ml). Further, cell numbers did 
not increase over the 2 days (see Figure 6), despite changes in matrix production 
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